S U M M A R Y High blood flow through baboon polytetrafluorethylene aorto-iliac grafts increases neointimal vascular smooth muscle cell (SMC) death, neointimal atrophy, and cleavage of versican to generate the DPEAAE neoepitope, a marker of ADAMTS-mediated proteolysis. In this study, we have determined the effect of high blood flow on transcript abundance in the neointima for ADAMTS1, -4, -5, -8, -9, -15, and -20. We found that after 24 hr of flow, the mRNA for ADAMTS4 was significantly increased, whereas that for the other family members was unchanged. Because vascular SMC death is markedly increased in the graft after 24 hr of high flow, we next examined the possibility that the ADAMTS4 induction and the cell death are causally related. The addition of Fas ligand to SMC cultures increased both ADAMTS4 mRNA and cell death ?5-fold, consistent with the idea that ADAMTS4-dependent cleavage of versican may be partly responsible for cell death and tissue atrophy under these conditions. (J Histochem Cytochem
K E Y W O R D S ADAMTS intimal atrophy flow proteoglycan smooth muscle cells VERSICAN IS A MAJOR COMPONENT of the extracellular matrix (ECM) of atherosclerotic lesions and the growing vascular intimas of restenotic arteries, transplant arteriosclerotic arteries, stented arteries, vein grafts, balloon-injured rat and monkey arteries (Lin et al. 1996; Kalish et al. 2004; Kenagy et al. 2006) , and healing tissues in general (Wight and Merrilees 2004) . Thus, versican is a significant component of the transitional ECM formed after injury, which may be permissive for smooth muscle cell (SMC) proliferation and migration (Evanko et al. 1999) . Of particular interest, intimal tissue formed after balloon-or stent-mediated injury regresses over time and is associated with a loss of versican (Matsuura et al. 1996; Asakura et al. 1998; Imanaka-Yoshida et al. 2001; Farb et al. 2004) . The loss of the water binding properties of the glycosaminoglycan chains of versican would have a major impact on lesion volume. This relationship between versican and intimal growth or regression is also observed in a baboon polytetrafluoroethylene (PTFE) graft model in which a neointimal layer either grows or regresses in response to changes in blood flow (Kenagy et al. 2005) . Thus, increasing flow in a graft with an established neointimal layer induces neointimal atrophy starting within 1 day . This atrophy involves the death of cells and the loss of ECM. We have previously demonstrated that within days, there is an increase in the levels of the serine proteases urokinase and plasmin and of a discrete cleavage product of versican (G1-DPE), which can be generated by members of the ADAMTS (a disintegrin and metalloproteinase with thrombospondin motif) family, ADAMTS1, -4, -5, and -9 (Sandy et al. 2001; Kenagy et al. 2002 Kenagy et al. , 2005 Somerville et al. 2004) . In this study, we have investigated whether the vascular atrophy and cell death associated with high flow in this baboon model are accompanied by induction of one or more of the ADAMTSs (1, 4, 5, 8, 9, 15, or 20) , which are capable of degrading versican.
Materials and Methods

Baboon Graft Neointimal Regression Model
Male baboons (Papio cynocephalus anubis) weighing ?10 kg were used. Bilateral aorto-iliac PTFE grafts (5-cm length, 4-mm diameter, 60-mm internodal distance; W.L. Gore, Flagstaff, AZ) were placed as previously described (Mattsson et al. 1997; Berceli et al. 2002) . Animals were anesthetized with ketamine (10 mg/kg, intramuscularly) and maintained on isoflurane inhalation anesthetic during all operative procedures. After 8 weeks, a superficial femoral artery-to-vein fistula (10-mm length) was created on one side to increase blood flow. The contralateral graft was maintained as a normal flow control. Midstream graft blood velocities, measured using duplex ultrasonography as previously described (Geary et al. 1994) , were increased acutely ?4-fold . Animals were euthanized with sodium pentobarbital (160 mg/kg, intravenously). Grafts were obtained after 1 day of high flow; midgraft portions were fixed in buffered 10% formalin for histology, and the remaining portions were frozen for preparation of RNA. Ten baboons were grafted for this study, but three developed thrombosis before fistula placement, and the RNA preparations of another two were degraded. Therefore, five were left for analysis by microarray. Archived specimens (fixed specimens from five baboons with 1 day of high flow and four baboons with 4 days of high flow) and data (Western blots of extracts of graft intimas from three baboons) from previous experiments were also used Hsieh et al. 2006) . Animal care and procedures were conducted at the University of Washington Regional Primate Research Center in accordance with state and federal laws and under protocols approved by the University of Washington Institutional Animal Care and Use Committee and the Regional Primate Research Center, and complied with the "Guide for the Care and Use of Laboratory Animals" issued by the Institute of Laboratory Animal Resources, Commission on Life Sciences, National Research Council, Washington DC, National Academic Press, 1996.
Array and Quantitative PCR (qPCR) Methods
Total RNA was prepared from paired 1-day high-and normal-flow graft neointimas of five baboons by using solution D-phenol-chloroform-isopropanol (Hsieh et al. 2006) . Quality was determined using the Agilent 2100 Bioanalyzer (Santa Clara, CA). The Illumina sentrix human ref-8 system (Illumina, Inc.; San Diego, CA) microarrays were used according to the manufacturer's instructions. In brief, total RNA was used for cDNA synthesis, followed by an amplification/labeling step to synthesize biotin-labeled cRNA using the Ambion MessageAmp kit (Foster City, CA). Then cRNA was fragmented and hybridized with the Sentrix BeadChip in a hybridization oven at 55C. After hybridization, the Sentrix BeadChips were washed with Wash E1 buffer (Illumina, Inc.) solution and then blocked for 5 min in 4 ml of 1% blocker casein in PBS, Hammarsten grade (Pierce Biotechnology, Inc.; Rockford, IL). Array signals were developed by 10-min incubation in 2 ml of 1 mg/ml Cy3-streptavidin (Amersham Biosciences; Buckinghamshire, UK) solution and 1% blocking solution. The BeadChips were washed a second time in diluted Wash E1 buffer for 5 min, dried immediately after removal by centrifugation, and scanned using the Illumina BeadArray Reader GX. The summarized bead intensities were quantile normalized without the control probes and paired by animal. Boxplots of the unnormalized signal and density distributions and MA plots (made using the log2 [signal of array/median signal of all arrays]) were analyzed. The normalized intensities were then analyzed using Significance Analysis of Microarrays software (http:// www-stat.stanford.edu/~tibs/SAM/) without a threshold for fold change. Complete data from the microarray experiment will be presented in a separate manuscript.
qPCR was performed using the 7500 Fast real-time PCR system (Applied Biosystems; Foster City, CA) according to the manufacturer's instructions. Standard, not fast, cycling conditions were used (40 cycles of 95C for 15 sec and 60C for 1 min). Taqman primers and probes (ADAMTS1: assay ID Hs00199608_m1 based on RefSeq NM_006988.3; ADAMTS4: assay ID Hs00192708_m1 based on RefSeq NM_005099.4; ADAMTS5: assay ID Hs00199841_m1 based on RefSeq NM_007038.3) and Multiscribe reverse transcriptase were purchased from Applied Biosystems, and master mix (23 SensiMix) from Quantace (Bioline USA Inc.; Taunton, MA).
Human Aortic Organ Culture
Abdominal aortic specimens from organ donors were obtained anonymously (all procedures were in compliance with and approved by the University of Washington Human Subjects Review Board) and kept in University of Wisconsin solution at 4C until used. Samples were placed in high-glucose Dulbecco's modified Eagles medium (DMEM) with 20 mM Hepes, pH 7.4, and loose connective tissue was removed from the adventitia. Explants were made from aorta that had an endothelial surface that was smooth, white, and free of raised atherosclerotic lesions. One full thickness explant of 1 cm 2 was placed in 5 ml of DMEM with 20 mM Hepes. In a series of experiments, four 6-mm-diameter discs, which were made using a skin biopsy punch, of full thickness explants were used in each well. Samples of conditioned medium (0-3 and 4-7 days) were frozen, and tissue at 0 and 7 days was fixed in 10% neutral buffered formalin or frozen.
Cell Death
SMCs were cultured from the thoracic aortas of baboons from prior studies as described (Hsieh et al. 2006) . SMCs were seeded at 200,000/35-mm dish in 10% fetal bovine serum DMEM overnight. Cells were then changed to serum-free DMEM, at which time 50 ng/ml Fas ligand (FasL, a fusion protein of soluble FasL with a FLAG tag; Alexis Biochemicals, San Diego, CA), 2 mg/ml anti-FLAG (to cross-link FasL), and 1.5 mg/ml cycloheximide were added. After 6 and 24 hr, cells were collected for analysis of cell death (Annexin V-FITC Apoptosis Detection Kit I from BD Pharmingen; San Diego, CA) or for extraction of RNA (Qiagen RNeasy mini kit; Valencia, CA) for qPCR of ADAMTS4.
Immunohistochemical Staining
Immunohistochemical staining of versican (2B1, Seikagaku; Associates of Cape Cod, Inc., East Falmouth, MA), ADAMTS4 (VMAH) (Gao et al. 2002) , and G1-DPE (Sandy et al. 2001 ) was performed using the avidin-biotin-peroxidase method (Vector Laboratories; Burlingame, CA) as previously described (Kenagy et al. 2005) . Murine or rabbit IgG was used as a negative control as appropriate. Scoring of staining intensity as higher, lower, or the same between the paired high-and normal-flow grafts was performed blinded. For double labeling for ADAMTS4 and cell death, sections were first stained with antibody to ADAMTS4 as previously described (Kenagy et al. 2005) , followed by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) as previously described (Kenagy and Clowes 2000) . Images were acquired using a DP70 CCD color camera (RGB, 12 bits/channel; Olympus America, Inc.; Center Valley, PA) using DP70 controller/manager software v3.02 with one-touch color balancing.
Western Analysis
Frozen portions of the baboon graft neointima, which was easily stripped from the PTFE graft material with forceps, were pulverized, extracted (0.05 M Tris, pH 7.5, 0.01 M CaCl 2 , 2.0 M guanidine HCl, and 0.2% Triton X-100), and dialyzed (0.1 M Tris, 5 mM EDTA, 0.2% Triton X-100, pH 7.4); 5 mg protein was loaded per lane for SDS-PAGE (8%), and Western blotting was performed. Frozen human aortic organ culture tissue was weighed and extracted as described (Sandy et al. 2001) . The same proportion of each culture (tissue extract and conditioned medium were identical in terms of wet weight, dimensions of tissue used, and medium per culture, and the tissue was free of atherosclerotic lesions) was loaded in each lane. Blots were developed using chemiluminescent reagents (Pharmacia; Piscataway, NJ) and quantified using ImageQuant (GE Healthcare; Piscataway, NJ). The specificity of detection was confirmed by showing that the signals on the ADAMTS4 blots were eliminated by preadsorption of the antibody with a 10 mM solution of the immunizing peptide (data not presented).
Results
ADAMTS Proteinases in Baboon PTFE Graft Neointima
We previously observed a 70-kDa ADAMTS-mediated cleavage product of V1 versican (G1-DPE) in graft neointima that was markedly increased after 4 days of high blood flow (Kenagy et al. 2005) . Therefore, we investigated the expression of ADAMTS enzymes that have been shown to degrade versican or aggrecan, namely ADAMTS1, -4, -5, -8, -9, -15, and -20 (Sandy et al. 2001; Somerville et al. 2004; Cross et al. 2005; Nicholson et al. 2005) . By microarray, ADAMTS4 was the only family member that was induced in the neoin- tima 1 day after the switch to high blood flow (1.45 6 0.07 high:normal flow ratio; Table 1 ). Expression of the other relevant ADAMTSs in normal-flow intimas was less than 50% the level of ADAMTS4. Finally, qPCR, showed that levels of ADAMTS4 were 2.73 6 1.03-fold normal flow (n54). Because G1-DPE is increased after 4 days of high flow (Kenagy et al. 2005) but not after 1 day (immunohistochemical data not presented), we performed Western analysis for ADAMTS4 on graft neointima 4 days after the switch to high blood flow. We observed a major band at ?90 kDa and minor bands at ?60 kDa and ?40 kDa ( Figure 1A) . These forms were previously shown to represent the proform, the N-terminally activated form, and the N-and C-terminally activated forms of ADAMTS4, respectively; they have been termed p100, p68, and p40 (Flannery et al. 2002; Gao et al. 2004) . Although the abundance of p100 was not markedly altered after 4 days of high flow, the abundance of p68 and p40 was reduced to 44% and 21% of normal flow levels, respectively ( Figure 1B) . The identity of the minor bands at ?120-140 kDa in the normal flow samples is not known, although they have been seen previously in cell culture supernatants and tissue extracts (Gao et al. 2002) . ADAMTS5 was not detected with an antibody shown to detect ADAMTS5 immunohistochemically (Plaas et al. 2007 ).
Immunostaining of the graft neointima for ADAMTS4 demonstrated that it was also increased in the 1-day high-flow graft neointimas in 7 of 10 paired grafts (Figure 2A) , which is consistent with increased ADAMTS4 mRNA observed at 1 day. Most staining was observed in the deeper half of the intima. Although versican was observed throughout the intima, the majority of G1-DPE was detected deep in the intima ( Figure 2B ), as previously observed (Kenagy et al. 2005) . The deep intima is also where most cell death occurs , and we observed dying cells (TUNEL-positive) that were also positive for ADAMTS4 ( Figure 2C ). There was no difference in ADAMTS4 evident at 4 days (data not presented), which is consistent with the lack of change at 4 days in the most abundant form of ADAMTS4, p100 (Figure 1) .
The decreased levels of active ADAMTS4 in the graft neointima after 4 days of high blood flow occurs at about the time that G1-DPE is increased (Kenagy et al. 2005) and may be the result of the loss of enzyme from the tissue subsequent to protease activation and versican cleavage. C-terminal truncation has been shown to decrease binding of ADAMTS4 to heparin and the ECM (Flannery et al. 2002; Kashiwagi et al. 2004) , and there is a potential heparin binding site (R 206 PRRAKR 212 ) in the prodomain adjacent to the cleavage site (R 212 -F 213 ). Thus, tissue levels of the active forms (Figure 1) might be an underestimate, owing to diffusion from the tissue. Because of the obvious difficulty of addressing this issue in vivo, we examined ADAMTS4 distribution in an organ culture system of human aorta.
ADAMTS4 in Aortic Organ Culture
Immunostaining of both versican (Figures 3A and 3B ) and G1-DPE ( Figures 3C and 3D) was increased in the aortic organ cultures by day 7. On the other hand, there was no consistent change in ADAMTS4 staining with increasing time in culture (Figures 3E and 3F) . Western analysis of tissue showed that the cultured human aorta predominantly contained the p100 and p68 forms of ADAMTS4 ( Figure 4A) , which were at similar levels at day 0 (the ratio of p100 to p68 was 0.75 6 0.21; mean 6 SEM; n54). However, the ratio of p100 to p68 in the tissue at 7 days was 11.7 6 6.2. This increase in the p100-to-p68 ratio appears to be explained by the larger amount of p68 than p100 lost to the culture medium during the first 3 days ( Figure 4A , right panel). More total ADAMTS4 was released into the medium during the first 3 days than during the following days ( Figure 4A, right panel) , whereas more G1-DPE was released during the later period ( Figure 4B, right panel) . The tissue contained less ADAMTS4 than the medium because more total tissue was loaded per lane (20%), compared with the medium (5%). These data suggest de novo synthesis and C-terminal truncation followed by diffusion into the medium.
Induction of ADAMTS4 Occurs When SMC Death Is Increased
The induction of ADAMTS4 mRNA by high flow in the graft intima by 1 day (Table 1) coincides with the increased SMC death shown previously (Hsieh et al. 2006) . Significantly, dying SMCs , G1-DPE product (Kenagy et al. 2005) , and ADAMTS4 protein ( Figure 2 ) are all found most abundantly in the deep neointima. In addition, in the aortic organ culture experiments ADAMTS4 and G1-DPE were most notably observed near the cut edges of the explants in the 7-day but not in the freshly fixed tissue (data not presented). Because we have previously observed that dying SMCs are only seen at the cut edges of aortic Figure 4 Western blots of human aortic organ culture tissue and medium for ADAMTS4 (A) and the versican ADAMTS cleavage fragment (G1-DPE) (B). The amount of medium loaded per lane is 5% of the total, and the tissue extract loaded is 20%. Asterisk: ADAMTS4 bands remaining from previous blot of membrane in A. explants (Kenagy and Clowes 2000) , these results are consistent with an association between cell death and synthesis of ADAMTS4. Therefore, to determine whether death induces ADAMTS4 expression, we tested the effect of FasL on ADAMTS4 mRNA levels. We observed that treatment of cultured SMCs with FasL increased both the apoptotic SMC population ( Figure 5 ) and message levels for ADAMTS4 ?5-fold at both 6 hr and 24 hr ( Figure 6) . To determine the specificity of this effect, levels of ADAMTS1 and ADAMTS5, which are known to degrade versican, were also determined. ADAMTS5, but not ADAMTS1, was also induced by treatment with FasL.
Discussion
Our data are consistent with the idea that cell deathpromoting signals, such as increased blood flow, stimulate ADAMTS4 transcription and that ADAMTS4 cleaves versican at Glu 441 -Ala 442 , promoting neointimal atrophy. Within 1 day of the switch to high blood flow in the baboon PTFE graft, there is increased SMC death (Hsieh et al. 2006 ) and increased ADAMTS4 mRNA but no change in the other ADAMTS enzymes capable (ADAMTS1,-4, -5, and -9) or potentially capable (ADAMTS8, -15, and -20) of cleaving versican (Sandy et al. 2001; Somerville et al. 2004; Cross et al. 2005; Nicholson et al. 2005) . Induction of SMC death using FasL increases levels of ADAMTS4 message. However, unlike increased blood flow in vivo, this effect is not entirely specific, in that ADAMTS5, but not ADAMTS1, was also induced by FasL. In addition, while we did observe dying SMCs that expressed ADAMTS4 ( Figure 2C ), over 50% of neointimal SMCs are immunopositive for ADAMTS4, but less than 10% of the cells are TUNEL positive Hsieh et al. 2006) . This suggests the possibility that dying SMCs may secrete secondary factors that act in a paracrine manner. An additional possibility is that TGFb, which can be secreted by SMCs that engulf dying SMCs (Fries et al. 2005) , induces ADAMTS4 in surrounding SMCs (Moulharat et al. 2004) .
The signaling pathways for induction of ADAMTS4 apparently shared by FasL and high blood flow/shear stress have not been investigated. One pathway may involve the transcription factor nuclear factor of activated T-cell (NFAT), which is activated by shear stress and Fas ligand (Sun et al. 2006; Celil Aydemir et al. 2007) . NFAT activates ADAMTS4 transcription (Thirunavukkarasu et al. 2006 ) and regulates SMC migration and proliferation (Liu et al. 2005) . It is interesting that shear stress increases SMC apoptosis in vitro via endogenous FasL/Fas interactions (Apenberg et al. 2003) , raising the possibility that this pathway operates in the graft. This is supported by observations that FasL induces MCP-1 in SMCs in vitro (data not presented; Schaub et al. 2000) , that this induction is partially mediated by IL-1a (Schaub et al. 2000) , and that IL-1a increases ADAMTS4 mRNA in cartilage (Patwari et al. 2005) . However, increased blood flow does not increase MCP-1 (data not presented), suggesting that this Fas/IL-1 pathway is not operative in the graft neointima.
ADAMTS4 mRNA was increased after 1 day of high blood flow (Table 1) , but G1-DPE was increased after 4 days (Kenagy et al. 2005) . In day 4 tissue, we found decreased p68 and p40 but no major change in p100 ADAMTS4 (Figure 1) . This suggests at least two possibilities: (1) The activity of ADAMTS4 is primarily regulated by enzyme activation, and the active enzyme is rapidly released from the tissue after versican cleavage, whereas G1-DPE remains bound to matrix through its known hyaluronan binding properties; or (2) ADAMTS4 is not the ADAMTS responsible for versican cleavage at Glu 441 -Ala 442 . With regard to the first possibility, ADAMTS4 is present in the baboon intima primarily as the proform p100. This is consistent with activation by cell surface or extracellular proprotein convertases (Pratta et al. 2003; Longpre et al. 2009 ). It is interesting that cytokine treatment of cartilage explants increases the ADAMTS-specific aggrecan neoepitope NITEGE without a change in message for ADAMTS1, -2, -3, -4, or -5, which led two groups to suggest the importance of posttranscriptional regulation of ADAMTS4 activity (Flannery et al. 1999; Pratta et al. 2003 ). An additional activation mechanism would be loss of inhibitory factors such as TIMP-3, which effectively inhibits ADAMTS4 (Kashiwagi et al. 2001 ). However, we did not observe changes in message levels of TIMP-3 or of TIMP-1, -2, and -4 (data not presented; Kenagy et al. 2002) . Finally, compared with p100, p68 is preferentially released from cultured aortic tissue, consistent with the hypothesis that active ADAMTS4 is rapidly lost from tissue in vivo. Full-length p100 may bind to heparan sulfate proteoglycans in the tissue via heparin binding sites in the C-terminal spacer domain (Flannery et al. 2002; Kashiwagi et al. 2004 ) and a potential heparin binding site (R 206 PRRAKR 212 ) in the prodomain. Regarding the second possibility, we have not successfully detected ADAMTS1 or ADAMTS5 in the baboon graft neointima by immunostaining or Western blot. For the other verified versicanase, ADAMTS9 (Somerville et al. 2003) , the very low levels of detectable mRNA were not altered by increased blood flow. In addition, Demircan et al. (2005) found that active ADAMTS9 was only detectable in a chondrocytic cell line after induction of ADAMTS9 mRNA, suggesting that ADAMTS9 is regulated primarily through increased transcription.
The regulation of the cleavage and loss of versican is of interest from the perspective of the possibility of treating stenotic vein grafts or restenotic stented arteries by pharmacological induction of intimal atrophy rather than additional surgery (Min et al. 2008 ). Because versican is a major component of these intimal lesions, the loss of versican would have a major impact on lesion volume, particularly through the water binding properties of versican. The chondroitin sulfate chains of versican also have an inhibitory effect on elastin fiber formation, which will impact the structural integrity of the lesion (Huang et al. 2006 ). In addition, cleavage of versican by ADAMTS4 may produce fragments with various biological activities. G1-DPE does not contain glycosaminoglycan chains, but could remain bound to the matrix via hyaluronate. The effect of this cleavage product on SMC and endothelial cell function is not known, but the G1 globular domain (which is 87 amino acids shorter than G1-DPE) and G3 domains of versican have been reported to stimulate astrocytoma and 3T3 cell proliferation and migration ).
